###### Strengths and limitations of this study

-   First prognostic tool in stroke to follow, a priori, the Prognosis Research Strategy (PROGRESS) framework, and Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) reporting guidelines for prognostic research.

-   Specifies statistical analysis plan and informative levels of tool performance to increase transparency of results and the final report.

-   The proposed study predicts outcomes longitudinally, which may be more reflective of clinical needs than predictions made at predefined time points.

-   The proposed study is restricted by the use of predictor variables measured in previous data sets and the limitations of these measures. The external validation is not independent.

Introduction {#s1}
============

Stroke is one of the most common causes of serious adult physical disability and the third most common cause of death worldwide.[@R1] Despite the introduction of effective treatments for acute stroke, early rehabilitation and secondary prevention, the majority of stroke survivors have medical comorbidities, physical and/or cognitive impairments that require ongoing active assessment and management.[@R2] Stroke can be seen as a chronic condition, spanning not only the incident event and formal rehabilitation but the rest of the patient's life. Rehabilitation from stroke requires a sustained, coordinated effort from informed multidisciplinary teams (MDTs), as well as patients and carers, both in the clinical setting and in the community.[@R3] MDTs and patients make numerous decisions on the basis of an estimated probability that a specific event will occur in the future. These predictions are used for planning lifestyle or therapeutic decisions on the basis of the risk of developing a particular outcome or state of health.[@R4] More recently such estimates are used to risk-stratify participants in therapeutic intervention trials and case-mix classifications.[@R7]

Information from a single predictor is often insufficient to provide reliable estimates of prognostic probabilities or risks, particularly in complex patients, for example those with comorbidities.[@R9] Therefore probability estimates are commonly based on combining information from multiple predictors to form a multivariable clinical prediction model (CPM).[@R11]

CPMs are abundant in prognostic research literature, but few are implemented or used in routine clinical practice.[@R13] One explanation for this is that, although many models have been developed,[@R14] they have limited utility for clinical applications, particularly in a long-term care setting. Progression or regression of disease is highly variable both over time and between individuals.[@R16] Current CPMs typically estimate risk at predefined time points. With variability in mind, time series data and methods may be more appropriate for accurately capturing recovery, particularly when the aim is planning immediate and long-term care simultaneously for individual patients.

There is generally a lack of confidence among clinicians in applying risk scores in practice. Many believe there is the lack of sufficient evidence to demonstrate the reproducibility and transportability of the model in a different population.[@R17] To be considered useful, a risk score should be clinically credible, accurate (well calibrated with good discriminative ability) and have generality (be externally validated).[@R17]

We have evaluated the accuracy of existing models in predicting stroke outcomes by systematic review of literature and meta-analysis. The systematic review and meta-analysis concluded that existing models have much potential and advised to build on previous work, as opposed to designing new models, in developing CPMs suitable for the long-term care setting.[@R15] Models predicting outcomes longitudinally, as opposed to predefined time points, may best support patient management and so we will build on work by colleagues in this area.[@R18]

Objectives {#s2}
==========

Primary objectives {#s2a}
------------------

The primary objectives were to develop and internally validate prediction models in patients with ischaemic stroke for functional outcome, survival and cognitive impairment at 5 years, and to externally validate and update these models through an external data set of patients with ischaemic stroke.

Secondary objectives {#s2b}
--------------------

The secondary objectives were to assess deviations of predicted recovery curves, to investigate why patients with stroke regain different recovery that plateaued at different levels, and to derive and validate scoring system for classifying risks (case-mix classification) from these patient-centred predictive models.

Methods {#s3}
=======

This cohort study is informed by the Prognosis Research Strategy (PROGRESS) framework and recommendations by authors in the field. We will report the study protocol using the Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) statement for prediction studies.[@R20]

Source of data {#s3a}
--------------

The study is a prospective longitudinal cohort study. The data source is the South London Stroke Register (SLSR), an ongoing, prospective, population-based stroke register set up in January 1995 recording all first-ever strokes in patients of all ages for an inner area of South London. The methods of the SLSR have been described previously in detail[@R2] and are summarised here. Stroke was defined according to the WHO criteria and Oxfordshire Community Stroke Project Classification. Multiple overlapping sources of information are employed. Data from 1995 to 2016 will be used for model derivation and internal validation.

Participants {#s3b}
------------

Patients admitted to hospitals serving the study area (two teaching hospitals within and three hospitals outside the study area) are identified by regular reviews of acute wards admitting patients with stroke, and national data on patients admitted to any hospital in England and Wales with a diagnosis of stroke are screened for additional patients. All general practitioners (n=699 (2011)) within and on the borders of the study area are contacted regularly and asked to notify the SLSR of patients with stroke. Referral of non-hospitalised patients with stroke to a neurovascular outpatient clinic (from 2003) or domiciliary visit to patients by the study team is also available to general practitioners. Community therapists are contacted every 3 months. Death certificates are checked regularly. Patients are assessed at the stroke onset, 3 months and annually after stroke. Participants receive treatments in line with the UK national clinical guidelines for stroke. Completeness of case ascertainment has been estimated at 88% by a multinomial logit capture--recapture model using the methods described in detail elsewhere.[@R21]

Outcome {#s3c}
-------

The outcomes of interest are mortality measured as time to event, functional outcome measured using the Barthel Index (BI) and cognitive impairment measured using the Mini-Mental State Exam (MMSE) or Abbreviated Mental Test (AMT), measured at baseline, 3 months and annually up to 5 years after stroke. Specially trained nurses and field workers collect all data prospectively whenever feasible. A study doctor verifies the diagnosis of stroke. Patients are examined within 48 hours of referral to the SLSR where possible. Follow-up data are collected by validated postal or face-to-face instruments with patients and/or their carers. Outcome definition and measurement method are the same for all patients. Data collection is carried out by a third party, uninvolved in this study.

Predictors {#s3d}
----------

Candidate predictors to be considered in the prediction models will be based on predictor variables as identified in previous systematic reviews in this field,[@R15] ease and reliability of measurement in clinical setting and theoretical association with the progression of outcomes. The number of variables required to ensure adequate power based on our target sample size (see below), to avoid overfitting and to encourage parsimony and applicability of the model in clinical practice will also be considered. Number, type, definition, method for measurement and handling of candidate predictors in the modelling are listed in the data supplement. All predictors are measured on patient presentation. Data collection is carried out by a third party, not involved in this research.

Sample size {#s3e}
-----------

Cumulative survival up to 10 years after stroke is estimated at 63.7%, 42.8% and 24.0%, surviving up to 1, 5 and 10 years, respectively.[@R2] Disability is estimated on average at 11% (10-year average and standardised to European population in the SLSR).[@R2] Current SLSR data (1995--2015) estimate disability (BI \>15) at 24.6%, 23.7% and 26.3% at 1, 5 and 10 years, respectively. Cognitive impairment (MMSE \<24) is estimated at approximately 22% in the first 5 years following stroke (age-standardised to European population).[@R23] Current SLSR data (1995--2015) estimate cognitive impairment at 29.8%, 28.9%, 28.6% at 1, 5 and 10 years, respectively. Rules of thumb for fitting multivariate models suggest that 10 events for every variable (EPV) are required to avoid overfitting in model development studies. Although we are within these limitations, the use of this rule can result in small sample sizes, which may lead to overfitting and optimism. It is recommended that EPV should be data-driven.[@R24] Sample size calculations described by Jinks[@R25] will be used for survival analysis. Simulation will be used to determine appropriate sample size for prediction models for functional outcome and cognitive impairment.

Missing data {#s3f}
------------

Missing data are inevitable in studies with long follow-up and may lead to bias and imprecision. Multiple imputation will be used to impute missing values, under a missing at random assumption, so as to reduce bias and avoid excluding participants from the analysis.[@R26] Imputations typically break down when missing data are excessive; therefore, data with more than 80% missing data will be excluded.

Statistical analysis methods {#s3g}
----------------------------

We will develop three CPMs for the outcomes: (1) mortality, (2) functional outcome and (3) cognitive impairment up to 5 years after stroke. The start point is time of stroke and end point is 5 years post stroke.

For predictor selection during multivariate modelling, a variable selection and shrinkage procedure will be used to decide which of the identified candidate predictor variables should be included in the final prediction model. Continuous variables will be kept as continuous (rather than say dichotomising) to avoid loss of power. Non-linear trends will be considered using fractional polynomials and the multivariable fractional polynomial procedure. Clinically meaningful interactions (eg, time) will be included in the model.

We will assess internal validity with a bootstrapping procedure for a realistic estimate of the performance of prediction models in similar future patients.[@R5] The bootstrap validation approach uses all of the data to develop the prediction model and provides a mechanism to account for model overfitting or uncertainty in the entire model development process, thereby quantifying any optimism in the final prediction model. Also, it provides for estimating a shrinkage factor that can be used to adjust the regression coefficients and apparent performance for optimism, such that better performance will be obtained in subsequent model validation studies and applications.[@R31]

External validity will be assessed using data form the Dijon Stroke Register (DSR). Patients will be classified using the estimates of the previously developed models and performance assessed. Subgroup analyses will be carried out to assess deviations from predicted recovery trajectories and investigate why patients with stroke regain different recovery that plateaued at different levels.

Risk groups {#s3h}
-----------

Although risk groups (eg, 'high risk', 'moderate risk', 'low risk') may make models more accessible, no risk groups will be created. There is no clear consensus on how to create risk groups or how many groups to use.[@R31] There are concerns that use of risk groups may not be in the best interest of patients and may become standard, although lacking any rational.[@R31] Also, the simplification of predicted probabilities assumes risk is the same for all individuals within that category.

Development versus validation {#s3i}
-----------------------------

Data from the DSR will be used for external validation; its methods have been described previously in detail[@R32] and both data sets are contrasted here. The DSR and SLSR are population-based registers; multiple overlapping sources of notification are used and stroke is defined according to WHO criteria for both. Specially trained field workers collect all data. This includes sociodemographic factors, disease characteristics, patient history and cardiovascular risk factors in both registers. DSR participants are followed up at time of stroke and yearly thereafter; these questionnaires are administered in outpatient clinics or conducted telephonically by clinical nurses. Follow-up procedures in SLSR are similar, but participants are followed up at 3 months also. In both registers, survival is measured using national data, cognitive status is measured using either the AMT or the MMSE, and disability is measured using BI.

Reporting of results {#s4}
====================

Participants {#s4a}
------------

The flow of participants through the study, including the number of participants with and without the outcome, and a summary of the follow-up time will be described. The characteristics of the participants, including the number of participants with missing data for predictors and outcome for both development and validation cohorts, will be provided.

Model development {#s4b}
-----------------

The number of participants and outcome events in each analysis will be presented, as well as the unadjusted association between each candidate predictor and outcome.

Model specification {#s4c}
-------------------

The full prediction model for each outcome will be presented, including all regression coefficients, and model intercept and baseline survival. Once a final model is identified, methods will be applied to simplify and adapt the presentation of the model to a scoring system to facilitate its application in practice at a later date. An explanation of how to use the model and scoring system will also be presented.

Model performance {#s4d}
-----------------

Model performance assessment has been designed using the framework described by Steyerberg and colleagues.[@R35] Model performance will be assessed in derivation and validation data sets. For model development studies, we are primarily interested in discrimination, because the model will be well calibrated (on average) by definition when smoothing methods are used. In validation studies, assessment of both discrimination and calibration is fundamental.[@R35] Calibration of the derived models will be measured using calibration plot and Hosmer-Lemeshow test or counterpart test for the survival model.[@R37] Furthermore, they convey no indication of magnitude or direction of any miscalibration; hence, calibration plots will also be presented. Calibration plots will also be evaluated in relation to key predictors/subgroups. Discrimination of the derived models will be measured using the concordance statistic and CIs (c-statistic). The c-index is identical to the area under the receiver operating characteristic curve for models with binary end points and can be generalised for time-to-event (survival) models accounting for censoring. A benchmark level of discrimination was determined in our meta-analysis for mortality and functional outcome. On the basis of the reference standard values in statistics literature[@R39] and those of previous work in stroke, we will consider area under the curve values of greater than 0.8 to be acceptable for these outcomes. Classification measures (eg, sensitivity, specificity, predictive values, net reclassification improvement) will be presented and cut points selected a priori. Decision curve analysis will be undertaken to assess clinical utility.[@R40]

Model updating {#s4e}
--------------

We will update the model if it shows poor performance in external data (DSR) by recalibration or revision methods depending on discrimination performance (c-statistics \<0.80). If model is updated, updating approaches recommended by Steyerberg *et al*[@R13] (model recalibration, model revision, model extension) will be adopted as appropriate.

Conclusion {#s5}
==========

We have described the methods and statistical analysis plan to develop and to validate a family of CPMs for stroke over the long term. To our knowledge, this tool will be the first of its kind in stroke to follow, a priori, the PROGRESS framework and TRIPOD reporting guidelines for prognostic research. Importantly for secondary prevention, the tool will be developed specifically to predict the progression of disease and to identify those at high risk of an adverse outcome. Results coming from this study will be interpreted for both clinical and research purposes.
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